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INTRODUCTION 
Corrosion can exist in any layer of a simple aluminum/adhesive lap-splice. For lap-
splices where only one aluminum surface is accessible, fIrst layer corrosion is corrosion 
that occurs on or under the accessible skin; and second layer corrosion is that which exists 
behind the adhesive/scrim layer on the upper or lower surface of the inaccessible skin. 
Many different nondestructive evaluation (NOE) techniques can detect fIrst layer corrosion, 
and much progress has been made quantifying corrosion that exists in this layer[l]. Due to 
the layered nature of a lap-splice, second layer corrosion is much more diffIcult to detect, 
and also more diffIcult to quantify. Current maintenance procedures also make it diffIcult 
for researchers to obtain lap-splice corrosion samples from serviceable aircraft. The detec-
tion of corrosion in lap-splice assemblies has been given an important inspection priority 
by the airline industry, and regular inspection procedures have been developed to meet 
these new requirements. During maintenance, if corrosion is suspected in a lap-splice area, 
the area is opened up for further inspection by removing the rivets, adhesive and sometimes 
the paint. If the corrosion damage is beyond the manufacturer's tolerances, the corroded 
area is cut out and patch-repaired; otherwise, the corrosion is removed by chemical or 
mechanical means, leaving a serviceable but thinner metal skin when the joint is 
reassembled[2]. In either case the original character of the lap-splice has been destroyed by 
the maintenance process, and its use for NOE purposes is lost. In this light, it becomes 
necessary for researchers to fabricate their own laboratory samples and compare these 
artifIcial samples with actual in-service samples. 
In this paper we will show how corroded surfaces produced by an electrochemical 
corrosion process compared to corrosion that existed on the belly section of a serviceable 
Boeing 727[3]. We have incorporated the laboratory-induced corroded surfaces into 
aluminum/adhesive lap-splices, and fabricated a set of characterized samples that contain 
both fIrst and second layer corrosion. Using these lap-splices we will also show how a low 
frequency pulse-echo ultrasonic technique can be used to detect metal skin thinning in the 
second layer as the result of corrosion. 
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ELECTROCHEMICAL CORROSION 
The aluminum skins were artificially corroded in the laboratory by using them as the 
anode in a constant potential electrochemical cell[4]. The electrochemical cell was created 
by immersing parallel sheets of 0.003 in platinum and 0.040 in aluminum in a 0.5 M 
sodium chloride electrolyte solution while a constant voltage was maintained between 
them. Shown in Fig. 1 are several surface profiles corroded in the laboratory, along with a 
naturally corroded surface profile taken from the Boeing 727 sample. These surface pro-
files were obtained from digitized, edge-on-view micrographs of the corroded aluminum 
skins. In this figure the vertical axis is expanded lOx the horizontal axis to show detail. 
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Figure 1. Surface profile comparisons of skin samples produced by an electrochemical 
corrosion process and a skin sample taken from the belly section of a serviceable Boeing 
727. Original aluminum skin thickness was 1.016 mm (0.040 in). 
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Figure 2. Comparisons of RMS roughness vs. mean thickness loss for samples corroded by 
an electrochemical process and a sample taken from the belly section of a Boeing 727. 
The RMS roughness (one standard deviation about the mean) versus mean thickness 
loss, shown in Fig. 2, was obtained from the data in Fig. 1. As seen in these figures, the 
RMS roughness of the laboratory samples remains fairly constant until the protective 
cladding layer is lost to corrosion. At this point, the exposed surface facing the platinum 
anode is no longer pure aluminum, but an alloy, which greatly accelerates the corrosion 
reaction and dramatically increases the corresponding RMS roughness with mean thickness 
loss. In Fig. 2 the x and y error bars for the Boeing 727 skin sample correspond to several 
measurement locations on the provided sample. The comparisons of RMS roughness 
versus mean thickness loss between naturally occurring and artificially corroded surfaces in 
Fig. 1 and the surface profile plots shown in Fig. 2 demonstrate that a corroded surface 
produced in the laboratory can be representative of naturally occurring corrosion. 
LAP-SPLICE CORROSION SAMPLES 
After the surfaces of the corroded aluminum skins were characterized in terms of 
mean thickness and RMS roughness, they were fabricated into aluminum/adhesive lap-
splices. The lap-splices were complete with scrim cloth, interior adhesive primer and 
exterior zinc-chromate primer. Shown schematically in Fig. 3 are two examples of second 
layer corrosion that can exist in an adhesive lap-splice assembly. It can be seen in this 
figure that by flipping the samples up-side down we can simulate corrosion on any alumi-
num surface layer. When fabricating the interior corrosion samples, we packed the cor-
roded surface area with aluminum powder (dark region in Fig. 3) to simulate corrosion 
products. The assumption made here was that the lap-splice remains partially bonded even 
with interior corrosion, allowing for transmission of ultrasonic energy. To retain the 
structural integrity of the bondline, lap-splices made with exterior corroded surfaces were 
bonded first, then corroded using the same process outlined above. The thickness of the 
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corroded skin layer in each lap-splice sample refers to the mean thickness of the skin 
sample shown in Fig. 1. 
TRANSDUCER FREQUENCY AND TIME GATE SELECTION 
Sensitivity to changes in second layer metal thinning is accomplished through exploiting 
the deep penetration provided by low frequency (lMHz) echoes. In the aluminum/adhesive 
lap-splices studied here, the wavelength of a IMHz pulse (in aluminum) is 3x larger than 
the entire thickness of the lap-splice. The resulting waveform, shown in Fig. 4 contains 
unresolved interface echoes, and is a function of frequency, layer thickness and material 
properties. Also shown in Fig. 4 are the two time gate locations used throughout the 
remainder of this paper. The "Entire Waveform" corresponds to a gate long enough in time 
to capture the first arriving tri-polar pulse. Using this gate, the peak-to-peak (PP) ampli-
tude of the entire waveform is acquired in a C-scan. The "Trailing Signal" corresponds to a 
time gate that starts at the first valley after the tri-polar pulse and extends in time far 
enough to capture any relevant trailing peaks. More detail concerning the advantages and 
disadvantages of using low frequency unresolved echoes to investigate near-surface flaws 
and layered materials is given in Ref. [5]. 
(b) 
Aluminum powder 
packed behind adhesive-
scrim cloth layer. 
Figure 3. Aluminum/adhesive lap-splice assemblies with scrim cloth and second layer 
corrosion. (a) Corrosion behind the scrim cloth layer on the interior side of the second 
layer, voids filled with aluminum powder to allow ultrasonic energy transmission. 
(b) Corrosion on the exterior side of the second layer. 
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Figure 4. Low frequency (1 MHz, 1.0 in. dia., 2.0 in. focal length - in water) pulse-echo 
RF waveform and time gate positions from an adhesively bonded lap-splice assembly. 
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ULTRASONIC MODELING 
The purpose of the ultrasonic model was to predict the RF waveform reflected from 
a layered structure given a reference RF waveform and knowledge of the material proper-
ties of each layer. Details of the ultrasonic modeling will be published elsewhere, but in 
the interest of continuity a brief description will be given here. In short, a reference wave-
form is reflected from a suitable half-space and digitized. This waveform is then Fourier 
transformed into the frequency domain. The reflection coefficient as a function of fre-
quency, thickness, density and longitudinal velocity is recursively calculated for the layered 
system[6]. Assuming linearity, the frequency components of the input reference waveform 
and the reflection coefficient calculations are multiplied together to produce a frequency 
spectrum representative of the RF waveform reflected by the layered system. The resulting 
frequency spectrum is then inverse Fourier transformed back into the time domain where it 
is compared to experimental time domain results. 
COMPARISON BETWEEN THEORY AND EXPERIMENT 
The ultrasonic model is essentially a linear transfer function that uses an input 
reference RF waveform to predict an output RF waveform based on the material properties 
of each layer. If the layer properties of density, longitudinal velocity and thickness are not 
exactly known, the corresponding theoretical output will, of course, be nonexact. In fact, 
we do not know the exact thickness, density or longitudinal velocity in either the paint or 
the adhesive layers. This is a realistic situation as the material parameters of the paint and 
adhesive layers will also be unknown for a lap-splice assembly found on a commercial 
aircraft. We have determined some of these unknown parameters through other experi-
ments and some are taken as textbook values, but they are all used as approximations in the 
model nonetheless. To show relative changes that occur in the PP amplitude caused by 
metal thinning in one of the aluminum layers, the thickness of one aluminum layer was 
decreased, keeping all other material property parameters constant. The results were then 
normalized by dividing the calculated PP amplitude for both time gate positions shown in 
Fig. 4 by the respective PP amplitude calculated for an unthinned reference sample. The 
reference sample used for the calculations has no metal thinning in either aluminum skin. 
Figures 5a and 5b are the normalized PP amplitude predictions for lap-splices with 
first and second layer corrosion respectively. Excluding the Boeing 727 sample, the mean 
thickness of the skin samples (1-5) listed at the bottom of Fig. 1 were used to produce the 
predictions shown in Fig. 5. Each figure represents aluminum skin thinning, with all other 
parameters remaining constant. In the model we assumed a continuity of stresses and 
displacements across planar boundaries; thus the mean thickness of the corroded layer is 
used, and we are able to ignore the more detailed calculations involving ultrasonic scatter-
ing from irregular boundaries. The reduced thickness of the aluminum skin is used in the 
calculations and the model ignores whether the metal thinning takes places on the top or 
bottom surface of the aluminum skin layer. The experimental C-scan results of lap-splices 
with first and second layer corrosion using skin samples 1,2,4 and 5 are shown in Figs. 6a, 
6b and 6c. Skin sample 3 was made at a later date and is not shown here in the C-scan 
results. Each image in Fig. 6 was individually equalized to enhance contrast. 
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Figure 5. Theoretical peak-to-peak signal amplitudes for an aluminum/adhesive lap-splice 
assembly referenced to an uncorroded "reference" sample. (a) Corrosion thinning in the 
first layer. (b) Corrosion thinning in the second layer. 
A. First Layer Metal Thinnin~ 
The theory predicts, in Fig. 5a, that a 25 percent reduction in first layer aluminum 
skin thickness will cause about a 3 percent decrease in the PP signal amplitude for the 
entire waveform, while at the same time increase the PP amplitude of the trailing signal by 
about the same amount. Comparing the theoretical predictions with the experimental 
results shown in Fig. 6a, it can be seen that with the same 25 percent reduction in first layer 
aluminum skin thickness, the entire waveform PP amplitude decreases while the trailing 
signal increases (white to black color corrosponds to, low to high PP amplitude). Theory 
and experiment exhibited the same trend that the PP amplitude of the entire waveform 
remains fairly constant in the range of mean thickness changes between skin samples 2 and 
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Figure 6. Experimental pulse-echo C-scan images of corroded aluminum/adhesive lap-
splices. Each image was made from a scan area of 12 x 3 in and individually equalized. 
(a) Corrosion interior to the first layer. (b) Corrosion interior to the second layer. 
(c) Corrosion exterior to the second layer. 
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4. Any discrimination of first layer aluminum skin thickness between these samples 
should be made using the trailing signal. 
B. Second Layer Metal Thinning 
Comparing Fig. 5b with Fig. Sa, it is seen that the roles of the entire waveform and 
trailing signal reverse. For second layer metal thinning in an adhesive lap-splice the theory 
predicts that the entire waveform's PP amplitude will increase, while trailing signal's PP 
amplitude will decrease. This result is opposite to that predicted for first layer metal 
thinning in Fig. Sa. The theory also suggests that the greatest discrimination between the 
samples should be made using the trailing signal. As the second aluminum layer becomes 
thinner, the change in the trailing signal's PP amplitude is greater than 25 percent, while the 
entire waveform changes less than 2 percent. Experimentally we see, in Fig. 6b and Fig. 
6c, that the signal amplitude reverses as discussed above; and the trailing signal does 
provide a greater discrimination between the samples. 
CONCLUSIONS 
In this paper we have shown that aluminum skin samples corroded in the laboratory 
by an electrochemical process are similar to corrosion that occurs naturally. Incorporating 
the corroded skins into several sets of characterized aluminum/adhesive lap-splices with 
first and second layer corrosion defects, we have shown qualitative agreement in PP signal 
amplitude between a low frequency ultrasonic model and experiment. The model suggests, 
and the experimental evidence agrees, that the trailing signal PP amplitude of a low fre-
quency tri-polar pulse can be used to discriminate metal thinning in the second layer due to 
corrosion. Further work is in progress to address the issues of frequency selection and 
errors caused by layer parameter approximation. 
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